Polymorphisms in the MBL2 gene, which affect the structure and influence on the serum concentration of mannose-binding lectin (MBL), are associated with inflammatory and infectious conditions. The importance of MBL2 polymorphisms on outcome in critical ill patients is unclear. Five hundred and thirty-two consecutive critically ill patients admitted to an intensive care unit (ICU) were included over a period of 18 months. Five hundred and thirty-three individuals served as controls. Vital status was obtained 15.5 months after the last patient was included. MBL2 polymorphisms were determined by a PCR-based assay. Homozygosity for MBL2 variant alleles (O/O) causing MBL structural defects was associated with the highest adjusted mortality rate followed by homozygosity for the normal MBL2 allele (A/A) encoding high MBL levels, whereas heterozygous A/O patients had the most favourable outcome (P 5 0.015). MBL2 alleles were not associated with death in ICU (n 5 166, P 5 0.7), but the association appeared soon after discharge from ICU (n 5 366): hazard ratio (HR) for O/O using A/A as reference was 1.33 (95% CI: 0.8 -2.2) and for A/O it was 0.62 (95% CI: 0.4 -0.8) respectively (P 5 0.0045) at completion. No difference in MBL2 frequency was observed between patients and controls at baseline, and between patients classified as having sepsis or not. However, patients with the MBL2
INTRODUCTION
Systemic inflammation and sepsis are the primary causes of death in intensive care units (ICU) despite advances in the treatment regimes over the recent years, latest with the guidelines of 'The Surviving Sepsis Campaign' from 2004 (1) . The SOAP study from European ICUs showed that .35% of the patients were classified as having sepsis at some point during their ICU stay with a mortality rate of 27%, rising to .50% in patients with septic shock (2) .
Even though the pathophysiology of systemic inflammation and sepsis is complex, it has long been recognized that inherited traits influence the individual ability to respond and resist appropriately to uncontrolled inflammation and infection (3) . One of the genetically determined factors that have been suggested to be involved in systemic inflammation and sepsis is mannose-binding lectin (MBL) (4) .
MBL is a liver-derived serum protein, which acts as a pattern-recognition molecule by binding to mannose and N-acetyl glucosamine containing molecular patterns present on various microorganisms (reviewed in 5). Moreover, MBL is also involved in sequestration of endogenous waste material and plays an important role in tissue homeostasis (6) . In serum MBL is associated with the so-called MBL-associated serine proteases (MASPs) enabling activation of the complement system (7) . Human MBL is derived from a single gene located on chromosome 10 (MBL2). Inter-individual differences in MBL serum concentration are mainly caused by structural variant alleles (B, C and D, at codons 54, 57 and 52, respectively) in the MBL2 gene which compromise assembly of MBL oligomers leading to a decrease in the absolute serum concentration as well as in the functional activity of the protein (reviewed in 8). Of particular interest is the fact that heterozygosity for MBL2 variant alleles causes in average a 85 -90% drop in the serum concentration of functional MBL compared with the normal genotype while homozygous for the structural variant alleles are devoid of functional MBL (9) . The normal MBL2 allele is named A, and the common designation for the variant alleles is O. In addition to the effect of the structural allelic variants, differences in MBL serum levels are determined by polymorphic sites in the promoter region of the MBL2 gene (10) . In particular, a base substitution at codon-221 (G to C; promoter allele X ) is associated with a lower MBL serum concentration. Presence of MBL2 polymorphisms is associated with the increased risk of respiratory infections during early childhood, especially during the first 6 -18 months of life (11) , and in patients with a concomitant immunodeficiency or severe disease (12 -14) . However, the MBL2 variant alleles are very frequent in different population around the world (8) . Therefore, we and others have speculated whether the high frequency of these alleles are promoted by selective advantages of being heterozygous in analogy with the sickle cell haemoglobin S allele and malaria (9, 15, 16) .
Mice devoid of MBL have been generated by knock out technology (17) . However, in contrast to the human situation, mice have two functional MBL genes. In a sepsis model in which both MBL genes were deleted, it was shown that MBL offered protection against Staphyloccous aurus when bacteria were inoculated directly into the blood stream (17) . By contrast in a more physiological model using the cecal ligation and puncture procedure to induce sepsis in which only one of the mice MBL genes were deleted paradoxically the gene targeted mice where more protected against death than the wild-type littermates (18) . In another partial MBL knock out mice model, blood borne nematode Brugeria malayi microfilaria survived significantly longer than their wild-type counterparts (19) . However, no differences in cytokine responses were observed. These results clearly indicate a dual and complex role of MBL in relation to systemic inflammation and infections. The importance of MBL as a susceptibility and modifying factor in humans for the development of sepsis and later mortality has been examined in the past years (20, 21) . These results indicate that the presence of MBL2 variant alleles determining low serum levels of MBL have been associated with the development of sepsis, and weakly associated to fatal outcome in adult patients admitted to intensive care and in children with the systemic inflammatory response syndrome (SIRS). In a recent British study, it was observed that MBL2 variant alleles are more common in adults with severe sepsis and septic shock than in normal population controls but no demonstrable influence on outcome was seen (22) .
The conflicting results and the fact that MBL appears to play a complex role in SIRS and sepsis led us to investigate whether MBL2 alleles may be associated with outcome in prospectively enrolled patients admitted to intensive care.
RESULTS
During the 18 months study period, 680 patients were admitted to the ICU and of these,109 were excluded because of exclusion criteria (Fig. 1) . Of the resulting 571 ready for inclusion, a total of 547 were included in the study corresponding to an inclusion fraction of 96.0%. We were able to perform complete MBL2 genotyping in 532 patients accounting for 97.25% of the included patients.
More than 99% of the included patients were of Caucasian origin. At inclusion, genotype frequencies did not differ from those predicted by the Hardy -Weinberg expectations 
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Human Molecular Genetics, 2007, Vol. 16, No. 24 (P . 0.55). No significant differences in MBL2 structural and promoter genotype frequencies were observed between patients and 533 population controls (P . 0.8) ( Table 1) . Of the 547 patients included in the study, 513 (93.8%) met the criteria for SIRS at the first date in the ICU and of these 75.4% met the criteria for sepsis. Of the 387 patients with sepsis, 199 (51.4%) met the criteria for severe sepsis and 130 (65.3%) of these met the criteria for septic shock. Of the 532 genotyped patients, 500 (94.0%) met the criteria for SIRS at the first date in the ICU and of these 75.2% met the criteria for sepsis (Fig. 1) . Of the 376 patients with sepsis, 191 (50.8%) met the criteria for severe sepsis and 125 (65.4%) of these met the criteria for septic shock. No significant difference in MBL2 genotypes between the different SIRS-sepsis groups at admission was observed (P . 0.8) ( Table 1) . Because no significant difference was observed in MBL2 genotype frequencies between patients classified as having SIRS and Non-SIRS, we combined these groups in the subsequent analyzes.
Baseline characteristics and admission diagnosis are outlined in Table 2 . There was no significant difference in age, type of admission, earlier disease or not, diagnosis and smoking habits at admission to the ICU stratified to the MBL2 genotypes. However, in the distribution of sex, patients classified as being immunosuppressed or not and active cancer (subgroup of earlier disease) were significantly different stratified according to the MBL2 genotypes. A logistic regression model using sepsis as a dependent parameter and taking into account the skewed parameters (gender, immunosuppression and active cancer), the MBL2 structural alleles were still not associated with the sepsis diagnosis (P . 0.47).
Univariate analysis on all included patients during total follow-up until death or censoring showed that MBL2 structural genotype, admission type, previous disease, immunosuppression, sepsis at first date, age and first day sequential organ failure assessment (SOFA) score (Table 3) were significantly related to mortality. Gender, tobacco usage as pack years and weight were not independently related to mortality. The association with MBL2 genotypes was independent of cofactors that showed a significant association with fatal outcome in the univariate analysis when they were used in an expanded Cox-regression survival model including the parameters that were predictive in the univariate analysis (Table 3) . SOFA score and sepsis at first date were not included in the same model because of the close correlation with each other. However, replacing SOFA score with sepsis at first date in this model revealed that the MBL2 results were independent of the sepsis diagnosis (data not shown).
Kaplan -Meier survival curve analysis showed that O/O homozygotes were associated with the worst outcome, followed by those with the normal A/A genotype, whereas the heterozygous A/O genotype was associated with the best outcome (log rank, P ¼ 0.0404) ( Fig. 2A) . It appeared from the survival curve that the MBL2 association was somewhat delayed compared to admission to ICU, thus we investigated at what time point the MBL2 association appeared. Censoring patients after discharge from ICU revealed that there was no association with the MBL2 variant alleles during stay at ICU (log rank, P ¼ 0.73) (data not shown). However, the MBL2 association appeared immediately after discharge from ICU and became increasingly more apparent during follow-up when the baseline used was discharge from ICU (log rank, P ¼ 0.0098) (Fig. 2B) .
In order to pin point in more detail at what time point the MBL2 association occurred, we performed the additional Cox regression analyses in a more restricted model after admittance to the ICU corrected for age, gender (included because of the MBL2/gender skewing in the demographic data in Table 1 ) and the first day SOFA score (Table 4) with censoring at different time points. It was revealed that the MBL2 alleles overall were independently and significantly associated with survival after 360 days observation period (P ¼ 0.023) and after completion of the follow-up period (P ¼ 0.015). Detailed analysis showed that using the A/A genotype as reference, the A/O genotype was associated with a significantly better outcome, whereas the O/O genotype was non-significantly associated with the worst outcome compared with the A/A genotype ( Table 4 ). The hazard ratio (HR) for the A/O genotype compared with the A/A genotype was 0.72 (95% CI: 0.6 -0.9) (P ¼ 0.0059) for the total observation period, but the tendency was already seen from day 28. Essentially, the same results were seen if sepsis/no sepsis was used in the model instead of the first day SOFA score (data not shown). Based on the observation from the Kaplan -Meier plot, we stratified the patients whether they survived stay at intensive care or not. As expected, MBL2 alleles were not independently associated with outcome during stay at ICU when adjusted for the parameters used in Table 4 (data not shown).
The above results indicated influence of a delayed MBL2 dependency on mortality and we made a post hoc analysis in the 366 patients (68.8%) alive at departure from the ICU with a determined MBL2 genotype (Table 5) . In this group, MBL2 genotypes were significantly associated with survival already at day 28 after admittance to the ICU with a HR for death for A/O of 0.64 (95% CI: 0.4-1.1) and 1.61 (95% CI: 0.8-3.2) for O/O (P ¼ 0.0477) compared with the A/A genotype, while the corresponding figures at completion of follow-up were 0.62 (95% CI: 0.4 -0.8) and 1.33 (95% CI: 0.8-2.2), respectively (P ¼ 0.0045). Of the individual genotypes, only heterozygosity (A/O) deviated significantly from the A/A genotype, whereas O/O did not (Table 5) . Essentially, the same results were observed when we used departure from ICU as baseline and discharge from hospital as censoring time (Table 5 ) and also total follow-up again with departure from ICU as baseline (P ¼ 0.0045) (data not shown). Further analysis using the same Cox-regression model, but including the MBL2 promoter alleles with the highest expressing MBL2 genotype YAYA as reference showed that this model also was significant regarding MBL2 alleles (P ¼ 0.0392) and that heterozygosity for the structural alleles were associated with a significant Table 2 . Baseline characteristics in the 532 included patients classified MBL2 structural variant alleles Microbial specimens obtained at admission to the ICU were culture positive for 242 (44.2%) of the patients (Table 6 ). 98.2% of the included had blood specimen taken and of these were 15.1% culture positive. 68.0% of the included had tracheal or expectorate taken and of these were 40.3% culture positive. 87.9% of the patients had urine specimen taken and of these were 16% culture positive. At admission to the ICU 54.7% (n ¼ 173) of the patients with the A/A genotype had one or more of the following infections; pneumonia, bacteraemia or wound infection, 54. 
DISCUSSION
This study shows that heterozygosity for the MBL2 structural genotypes (A/O) was significantly associated with improved survival compared with the normal A/A genotype and the homozygous variant O/O genotype after follow-up (censoring) period following admittance to the ICU. This association was independent of SOFA score, age and gender and the SIRSsepsis consensus criteria on the first day in the ICU indicating that low and intermediate serum levels of MBL may confer a survival advantage in response both to severe infections and acute inflammation. Heterozygous advantage (heterosis) of MBL2 variant alleles was originally suggested 15 years ago when we and other researchers proposed that the high frequency of these alleles occurs due to a selective pressure promoting heterozygosity (9, 15, 16, 23) . Several studies have attempted to find molecular signatures whether the MBL2 gene could be subject to evolutionary selection with varying and inconsistent results (24 -27) . However, neither of these studies did test such a hypothesis in a disease setting, which might simulate an epidemic situation. Although far from ideal illness demanding ICU does at least to some extent provide such a situation and may give some conceptual clues. Nevertheless, at inclusion in the study, the MBL2 genotypes adhered closely to the Hardy -Weinberg expectations. However, during the observation period, an increasingly deviation towards an excess of A/O heterozygotes (present both in the YA/O and XA/O genotype situation) with a depletion of both homozygous A/A and O/O was observed supporting the (28) . Nevertheless, from a clinical perspective, the main and most important finding that may be derived from this study was the observation that the MBL2 alleles almost immediately after discharge from the ICU and even during hospital stay appeared to be associated with either increased or decreased protection against death, whereas no such effect was seen during stay in the ICU. Our interpretation of this finding is that the combination of optimal surveillance and treatment combined with the fact that in a number of patients admitted to intensive care withdrawal of active life support to terminal patients is allowed might mask the MBL2 effect in relation to survival. Thus, we hypothesize that after intensive surveillance and treatment are halted and the patients are referred to their respective departments with less intensive treatment, the MBL2 effect may become apparent. The Kaplan -Meier curves show that particularly those homozygous for the variant alleles (O/O) might have the highest risk. In addition, because the MBL2 effect appears to be independent of SOFA score and sepsis diagnosis, which by themselves are important prognostic markers, it may be helpful to add MBL2 genotyping to the armament of parameters for prognostic staging of ICU patients. In a previous smaller study including 272 ICU patients (21), we observed that the MBL2 O/O genotype also had a negative impact on survival after ICU stay and that this was independent of the so-called simplified acute physiology score II (SAPSII) and sepsis diagnosis, but no A/O advantage could be detected. When MBL serum concentration was measured in a prospective insulin treatment study in patients that survived at least 5 days in ICU, it was observed that those functionally deficient of MBL, which did not receive insulin had an increased mortality rate consistent with the present findings (29) . In other studies addressing MBL and ICU survival only mortality related to ICU stay have been reported (22, 30) . In these studies, MBL2 polymorphisms were related to sepsis and/or infections but not related to increased mortality during ICU stay in agreement with the present findings. However, in a recent American study, patients homozygous for the B variant had greater likelihood of septic shock and development of acute respiratory distress syndrome (ARDS) (31) . In the subgroup of patients with ARDS, an increased risk of death was observed after 60 days for B/B homozygotes. We found that the frequency of the MBL2 alleles at inclusion was similar as the one in Danish population controls consistent with our previous study (21) and the frequency of MBL2 variant alleles was not significantly different between ICU patients classified having sepsis or not or which developed severe sepsis and septic shock which is in variance with our former study. Nearly, the same prevalence of positive bacterial cultures at admission to the ICU was observed between the different MBL2 genotypes. However, further analysis revealed that the MBL2 O/O genotype indeed was associated with the increased incidence of Gram-positive bacteria. The possible association between Gram-positive bacteria and the MBL2 O/O genotype has also been observed in other studies (32) . Nevertheless, MBL2 variant alleles have also repeatedly been shown to be associated with Gram-negative infections (21, 33) . The reason why some studies find an Table 6 . Microbial species (-coagulase-negative Staphylococci) diagnosed in cultures (blood, tracheal and urine) on admission to ICU in 532 MBL2 genotyped patients x 2 test with two DF was used except when indicated a Fisher's were used pooling A/O and O/O to avoid small numbers. SUM positive: at least one of the admittance cultures (blood, tracheal, expectorate and urine) was positive. A species appearing in .1 culture/patient was counted only once. Each specimen is shown as part of the main group, e.g. gram positive, gram negative and fungi. 98.2% of the included had blood specimen taken, of these 15.1% was positive. 68.0% of the included had tracheal or expectorate taken, of these 40.3% was positive. 87.9% of the included had urine specimen taken, of these 16% was positive. Anaerobes were Clostridium. different studies may rely on the fact that MBL also function as a scavenger molecule in maintenance of internal tissue homeostasis and that apparent MBL associations may be due to disturbances in this scavenger system rather than a direct anti-infectious association (6) . Moreover, the different patient populations are probably very heterogeneous even though we try to use objective SIRS/sepsis criteria in order to compare. It would be tempting to supplement ICU patients with purified or recombinant MBL, which have been used in pilot studies both to patients with infections and healthy volunteers with no adverse effects (34, 35) . Recombinant MBL are now in phase 2 trials in order to explore the putative anti-infectious effect of MBL in patients with chemotherapy-related neutropenia (www.enzon.com). However, the results from the present study cast doubts of the use of MBL in ICU patients with systemic inflammation and sepsis, but if used only through a narrow therapeutical window.
Although the general relevance of cohorts studies can always be discussed, the present study provide a number of advantages. First, it is a prospective and almost complete study in, which more than 97% of the patients fulfilling the inclusion criteria over at 18 months period were genotyped, which minimize the risk for selection bias. Secondly, it is larger compared with the earlier published MBL studies in ICU populations, which reduces the chance for a type I error and thirdly the population is an ethnically homogenous Caucasian population. The primary limitation is the 15 included patients with an unknown MBL2 genotype (2.7%), but this is a small number and the mortality for this group was not different from the other 532 with a determined MBL2 genotype. We chose to use the MBL2 genotypes instead of measuring the concentration of MBL serum on day one because of the very good correlation between the MBL2 genotypes and the concentration and function of MBL and our previous experience showing the strength using MBL2 genotypes in disease association studies (36) .
In conclusion, the present study has shown that ICU patients heterozygous for MBL2 variant alleles are partly protected from fatal outcome after ICU stay, but more importantly that this effect becomes apparent shortly after discharge from ICU and may thus go unnoticed by the caring physicians.
MATERIALS AND METHODS

Setting
Herlev Hospital in Copenhagen, Denmark is a university hospital with 568 beds. The central mixed surgical -medical ICU serves the medical and surgical blocks of the hospital. The ICU is a six-bed unit with exclusively single-bed rooms.
Study population and design
A schematic summary of the study design, inclusion and exclusion criteria is presented in Figure 1 All data were initially recorded in case-record forms (CRF) by the ICU physicians on rounds, physicians from the project group or by the coordinating investigator. At admission to ICU baseline clinical information concerning underlying disease, cause of admission, tobacco consumption, immunosuppressive factors, infection on admission and admission diagnosis were recorded in the CRF. Chest radiography was usually performed at admittance. Bacterial cultures were taken on admission from blood, nasopharynx, urine and tracheal aspirate or expectorate. Cultures were processed according to standardized methods on the Department of Clinical Microbiology. Organ failure at admission was defined according to the 'worst value' of the first day SOFA score (37) . The SIRSSepsis criteria were recorded (38) in the five classes; none, SIRS, sepsis, severe sepsis and septic shock. From the Central Office of Civil Registration in Denmark, we requested and received a vital status for all included patients at the 14th of September 2005; if death had occurred the date of death was registered.
Controls
As control subjects served 533 randomly selected individuals (mean age 50 years, range 18 -67) from the Danish population by means of the Civil Registration System (39).
Previous disease (underlying disease)
One or more of the following conditions were recorded: acute myocardial infarction (AMI), congestive heart disease, diabetes mellitus types I and II, Acute pancreatitis, chronic pancreatitis, hepatic disease, renal disease, chronic obstructive pulmonary disease (COPD), active malignant disease, recent trauma.
Immunosuppressive factors
One or more of the following conditions: diabetes mellitus, cirrhosis of the liver, immunosuppressive agents such as the use of high doses of corticosteroids, alcohol or drug abuse, active malignant disease, or renal failure (Se-creatinine !200 mol/l) were registered.
Tobacco consumption
Patients divided in the current smoking, ex-smokers, possible ex-smokers, never smoked, were not known. Number of pack
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Summary of classification criteria (SIRS, sepsis, severe sepsis and septic shock) SIRS, sepsis, severe sepsis and septic shock and none were defined and registered in accordance with the recommendations of the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference (38) .
Genotyping methods
Blood collected in 10 ml EDTA containing vacutainers was collected for DNA extraction. Anticoagulated blood was frozen at 2808C before processing. MBL2 single nucleotide polymorphisms (SNPs) in the form of the structural variants named B (codon 54, rs1800450, C (codon 57, rs1800451) and D (codon 52, rs5030737) as well as the regulatory variants named H/L (2550, rs11003125), X/Y (2221, rs7096206) and P/Q (þ4, rs7095891) were typed by PCR using sequence specific priming (PCR-SSP) as previously described (21) . Although, the typing was performed as SNP-typing, the results were combined in haplotypes, based on strong linkage disequilibrium between the SNPs that gives the seven known major MBL2 haplotypes: four functional haplotypes; LXPA, LYPA, LYQA, and HYPA (the normal allele is designated 'A') and three defective haplotypes; LYPB, LYQC, and HYPD. All the three structural variant alleles (B, C and D) have a considerable effect on MBL concentrations and to avoid small groups, the three alleles were grouped in one category called allele 'O' for statistical analyses. Likewise, for statistical analyses, we only included the X/Y promoter variation at position -221. The X variant is always found on a functional haplotype (LXPA) and has been shown to have a down regulating effect on MBL expression. Thus, the following six MBL2 genotypes/haplotypes were defined: the A/A group, two normal structural alleles with highexpression promoter activity in position 2221 (YA/YA) or one high-expression promoter and one low-expression promoter (YA/XA) or two low-expression promoters (XA/XA); the A/O group, one variant structural allele (i.e. defective allele) and one normal structural allele regulated by a high-expression promoter (YA/O) or a low-expression promoter (XA/O) and the O/O group with two defective structural alleles.
Statistical analyses
Contingency 
